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Summary:
Leydig cells are the major source of androgen in the male mammal. We describe here for the first time the development of the Leydig cell in a macropodid marsupial, the tammar wallaby, Macropus eugenii. Leydig cells are first recognized morphologically two days after birth with the appearance of lipid droplets in the cytoplasm of certain interstitial cells. Lipid content closely matches the steroid content of the developing testis and marks the maturation of the steroid synthesis pathway in the tammar testis.
Morphologically mature Leydig cells, marked by distinct mitochondria with tubular cristae and an extensive anastomosing network of smooth endoplasmic reticulum, are developed by day 10 after birth -the time of peak testosterone content in peri-natal tammar testes. The volume percentage of each cell type in the testis does not change over time so the growth of each cellular component keeps pace with growth of the whole testis. There was no morphological or quantitative evidence of a change from one population of Leydig cells to another in the tammar testis as has been reported in several other species including the rat, mouse and human. Maturation of the testis is also marked by the development of tight junctions between the cell membranes of adjacent Sertoli cells. These appear around day 30 after birth and coincide with the onset of mitotic arrest in male germ cells. Overall, the development of the Leydig cell in the tammar wallaby follows a similar pattern to that seen in other mammals, although the start of Leydig cell differentiation is, like many other organ systems in
Introduction
The Leydig cells of the testis synthesise androgens and this steroidogenic activity is reflected in the cellular ultrastructure (Zirkin et al., 1980, Ewing and Zirkin, 1983) .
Initially, prospective Leydig cells are undifferentiated mesenchymal cells with oval to irregular dark-staining nuclei and little cytoplasm. Progressive development of the Leydig cell is marked by an increase in the amount of cytoplasm and the development of organelles characteristic of steroid producing cells i.e. large numbers of mitochondria displaying tubular cristae; extensive smooth (agranular) endoplasmic reticulum (SER); some rough (granular) endoplasmic reticulum (RER) and darkstaining cytoplasm (Byskov, 1986, de Kretser and Kerr, 1988) . Associated with this is the appearance of abundant lipid in the cytoplasm as distinct electron-dense droplets (Zirkin et al., 1980, Huhtaniemi and Pelliniemi, 1992) . As the cells mature lipid content drops and SER increases. Mature fetal and adult Leydig cells contain few lipid droplets and the SER is an extensive anastomosing network of tubules throughout the cytoplasm (Benton et al., 1995) . This pattern of Leydig cell morphology has been described in a number of mammalian species (Fawcett and Burgos, 1960 , Gondos et al., 1974 , Sinha et al., 1977 , Wing and Lin, 1977 .
There are thought to be two distinct populations of Leydig cells, fetal and adult, that arise at different times during the development of the testis (Lording and De Kretser, 1972, Huhtaniemi and Pelliniemi, 1992) . The fetal population produces androgens at the crucial time for virilization of the urogenital system and external genitalia. Fetaltype Leydig cells are thought to degenerate or dedifferentiate soon after morphogenesis of the male sex tract is complete (Byskov et al., 1983 , Kuopio et al., 1989 , Hardy et al., 1991 , although fetal Leydig cells may persist into the adult testis becoming a small minority in the adult population (Kerr and Knell, 1988) . The adult population, appearing at or just before puberty, is responsible for spermatogenesis and the maintenance of male secondary sex characters (de Kretser and Kerr, 1988) . In some species such as the human, the two populations of Leydig cells can be easily distinguished by their temporal separation, but in other animals, particularly the rodents, they are not distinct from one another and the populations overlap (Kerr and Knell, 1988, Lording and De Kretser, 1972) .
In marsupials, differentiation of the testis is a perinatal to postnatal event. In the bandicoots, the Eastern quoll (Dasyurus viverrinus) and the brown marsupial mouse (Antechinus stuartii), the testis differentiates a few days after birth (Ullmann, 1981 , Ullmann, 1984 , Taggart et al., 1993 . In the grey opossum (Monodelphis domestica) and the brushtail possum (Trichosurus vulpecula), the testis differentiates perinatally (Maitland and Ullmann, 1993 , Ullmann, 1993 , Xie et al., 1996 , as in the tammar wallaby (Macropus eugenii) (Renfree et al., 1992a , Renfree et al., 1995 , Renfree et al., 1996 , Renfree, 1994 . In Monodelphis domestica, there is only one population of Leydig cells that continue to function through puberty and into adult Leydig cells (Xie et al., 1996) . Thus, there is no separation between early and adult Leydig cells in this marsupial. In contrast, in the dasyurid marsupial, Antechinus stuartii, there may be two populations of Leydig cells (Taggart et al., 1993) . In this marsupial, Leydig cells are largely lost from the interstitium of testis before puberty and reappear at maturity. Peritubular clusters of Leydig cells are thought to be the source of the renewed interstitial population and this may represent a separate adult Leydig cell population (Taggart et al., 1993) .
The timing of morphological differentiation of the Leydig cell and its temporal relationship with steroidogenic activity is unknown in the tammar. Testicular androgens in the tammar are elevated from about day 2 of pouch life and reach a maximum by day 10 (Renfree et al., 1992b) . Testosterone remains high until day 40 after which it drops to basal levels by day 70, covering the period when male phenotypic characters are forming (Renfree et al., 1992b , Renfree et al., 1996 . Surprisingly, concentrations of circulating plasma testosterone do not differ between males and females (Wilson et al., 1999) , but a metabolite of testosterone, 5α-androstane-3α, 17β-diol (5α-adiol) is sexually dimorphic in pouch young plasma (Shaw et al., 2000) . 5α-adiol is converted into dihydrotestosterone in the urogenital sinus and urogenital tubercle of male pouch young and administration of 5α-adiol to female pouch young virilizes the urogenital tract (Leihy et al., 2002 , Shaw et al., 2000 , Leihy et al., 2001 . 5α-adiol is thus the circulating androgen responsible for virilization in the tammar (Leihy et al., 2001 , Wilson et al., 2003 , Shaw et al., 2000 , Renfree et al., 2006 .
The establishment of the blood/testis barrier is a critical event in testicular development and requires the formation of tight junctions between Sertoli cells of the testis. As with other aspects of male development, tight junction formation is regulated by androgens which also regulate the permeability of the blood-testis barrier influencing germ cell differentiation (Meng et al., 2005) . This study therefore describes the morphogenesis of Leydig cells in the differentiating male tammar gonad at the ultrastructural level, correlates this with the development of internal organelles and androgen production in the testis and describes the timing of tight junction formation in the tammar testis.
Methods

Animals
Tammar wallabies of Kangaroo Island (South Australia) origin were housed in grassy paddocks in our breeding colony in Victoria, Australia. The grass was supplemented with oats, lucerne cubes, fresh vegetables and water ad libitum. Care and treatment of animals conformed to the National Health and Medical Research Council of Australia guidelines (1997) , and all experimental work was approved by Animal Experimentation Ethics Committees at the University of Melbourne. Pouch young were aged either from the known day of birth or by the use of head length tables (Poole et al., 1991) . Small pouch young were killed by decapitation, and older pouch young, peri-pubertal and adult males were killed by injection of sodium pentobarbitone (150mg/kg) in sterile saline.
Electron microscopy
Gonads of pouch young less than ten days old were removed and immersed in Superfix fixative (3% paraformaldehyde, 0.15% picric acid, 2% glutaraldehyde in 0.2M sodium cacodylate buffer; pH 7.4) for electron microscopy and fixed overnight.
With older animals 1 mm 3 pieces of gonad were fixed overnight. Tissue pieces were then washed in cacodylate buffer, post-fixed in 1% osmium tetroxide, dehydrated in ascending concentrations of alcohol and embedded in Spurr's resin (Probing and Structure, Melbourne, Australia).
Semi-thin sections were cut with glass knives on a Reichert-Jung Ultracut S ultramicrotome, stained with toluidine blue and examined with a light microscope.
Areas of interest containing putative Leydig cells were identified by their dark cytoplasm and position (intertubular). Thin sections of these areas were then cut with a diamond knife on the ultramicrotome, mounted on copper grids and stained with uranyl acetate (5 min) and lead citrate (10 min). Grids were viewed and photographed with a Phillips-CM 100 transmission electron microscope.
Light microscopy
Testes were fixed in Bouin's fixative overnight, washed in several changes of ethanol, processed and embedded in wax. Serial sections were cut at 8 μm, mounted on glass slides, dewaxed and stained with Harris's haemotoxylin and eosin.
Quantitation
Volume of testes was estimated by Cavalieri's method (Gundersen et al., 1988) give a volume of the testis for each cell type (Silva and Merzel, 2001 ). This was then divided by the calculated testis volume to give a percentage volume of testis for each cell type.
Results
Day 0
On the day of birth the tammar testis was beginning to show signs of differentiation of the major testicular cell types. The mesenchymal cells of the interstitium were undifferentiated with a fibroblastic appearance with irregularly shaped nuclei and little cytoplasm so the large nucleus dominated the cell. The nucleus to cytoplasm ratio was approximately 3:1. Occasional cells showed signs of cytoplasmic expansion.
Interstitial cells did not fill the entire interstitial space and there was abundant lymph space between cells (Fig 1a) . Mitochondria were common in the very granular cytoplasm with abundant ribosomes. There was little SER and no lipid inclusions visible. There was a close association of RER and mitochondria occurring in many cells (not shown). Sertoli cells were loosely arranged in tubules in some, but not all, animals ( Fig. 1a) and were well developed with typical oval to round basal nuclei closely adhered to one another. The developing seminiferous tubules were occasionally enclosed by fibroblastic peritubular/myoid cells aligned abutting the tubules. A basal lamina was starting to form but was patchy and did not completely enclose the tubule. The tubules enclosed germ cells that were situated near the centre of tubules but there was no tubular lumen.
Day 2
Day 2 marked the first time that cells with the distinct morphological markers of steroid producing organelles appeared in the developing testis. The tubules of Sertoli cells were well formed and distinct. The basal lamina was still poorly formed and there were associated peritubular cells (Fig 1b) . A tunica albuginea could be seen forming in the periphery of the gonad where arrays of fibroblastic cells were aligning parallel to the surface epithelium.
Leydig cells occurred in clusters or 'nests' of dark-staining cells with highly granular electron-dense cytoplasm scattered throughout the interstitium. The cytoplasm enlarged in these cells and was marked by abundant lipid inclusions. The nuclear:cytoplasmic ratio was approximately 1.5:1 (Fig. 1c) . Mitochondria were again abundant with the tubular cristae typical of these organelles in steroid-producing cells.
SER was expanding in these cells and vesicles were common but it was not particularly extensive. Mitochondria were frequently associated with RER, although less commonly than in day 0 testes (Fig. 1d ). Mitochondria were more common in cells that had no lipid inclusions but the two were not mutually exclusive.
Day 6
By day 6, clusters of interstitial Leydig cells similar to those seen at day 2 were more common (Fig. 2a) . Lipid droplets were present in some cells but much less commonly than the abundant inclusions of day 2 Leydig cells. Mitochondria, which were large, elongated in shape with a round cross-section and tubular cristae, were abundant and clustered to one end of the cell. They were associated with both smooth and rough ER and RER-mitochondrial complexes were common (Fig. 2b) . Development of RER was still extensive and abundant ribosomes occur throughout the cytoplasm of these cells. The SER was beginning to expand. The plasmalemma of these cells had long filopodial extensions and these often overlapped with neighbouring cells (Fig. 2b ).
There was an increase in cell size due to the increased amount of cytoplasm so that nuclear:cytoplasmic ratio was 1:1
Day 10 -11.5
By day 10 the Leydig cells were typically dark-staining with large, oval to irregularlyshaped nuclei and typical organelles of mature steroid producing cells (Fig. 2, c and   d ). The Leydig cells were marked by extensive mitochondrial development; vesicles; granular, dark-staining cytoplasm and virtually no lipid inclusions. The cells were larger than those seen at earlier stages and had a nuclear:cytoplasmic ratio of approximately 1.5:1. Mitochondria were extremely abundant and had the form typical of steroid producing cells. Lipid was rare in these cells which were clustered and often closely adjoining (Fig. 2c) but there was still an extensive non-cellular component to the interstitium surrounding them (Fig. 2c) . SER was well developed and often associated with an extensive Golgi apparatus somewhat obscured by the extremely granular appearance of the cytoplasm (Fig. 2d) .
Day 21-36
These cells were similar to those seen at day 10. They were often paired or grouped and frequently associated with blood vessels. Golgi apparatus were common (Fig. 3a) .
These Leydig cells often had long filopodial strands of cytoplasm extending around one another (Fig. 3b) . By day 30 the SER was very extensive, packed into the cells in concentric layers (Fig. 3c) . Nuclei often have a folded appearance or were bi-lobed.
RER, which was commonly seen in cells before day 10 was not often seen in these older cells. Lipid was occasionally present.
Day 54 -164
Later in development Leydig cells were present in groups. There was still much fluidfilled space between groups of cells and mesenchymal, undifferentiated cells were common. The cytoplasm and general appearance of the Leydig cells was similar to that seen from day 10 with extensive development of SER and Golgi bodies.
Extracellular collagen occurred in the interstitial space probably laid down by fibroblastic cells derived from the undifferentiated mesenchyme (Fig. 3d) . Leydig cells were present as scattered clusters in the testis including peritubular and interstitial cells. SER was often arranged in tightly packed parallel arrays (Fig. 4a) .
Lipid droplets were abundantly present in some cells though not in all. Occasional undifferentiated mesenchymal cells were also seen.
Day 275-320
At this stage of their development tammar pouch young are fully furred and ready for weaning and pouch exit. There were no noticeable differences between the testes of pouch young examined between days 275 (approximately 9 months) and 320 days (11 months). In these older testes intercellular space was much reduced with most of the interstitium filled by Leydig cells with occasional mesenchymal/fibroblastic cells.
Peritubular Leydig cells were common. As with days 54 to 164 there was extensive development of the SER with abundant mitochondria, cells often had small filopodia extending from the plasmalemma and lipid droplets were frequently present (Fig. 4b) .
The SER appeared as anastomosing vesicles or parallel arrays depending on the orientiation of the section (Fig. 4c ). There were no signs of spermatogenesis.
Peri-pubertal specimens (13 months and 24 months)
At 13 months the tammar testis is still immature. The tubules showed no signs of spermatogenesis with generalized germ cells present but no spermatogonia. Leydig cells in these testes were identical with those found after day 40 p.p. The presence of abundant lipid inclusions highlights the immature sexual status of the animal at this age ( Figure 4d ). In contrast at 24 months the testis was fully mature with spermatogonia and mature sperm present in the tubules (see light micrograph Figure   20f ), and the Leydig cells had an adult morphology (Figure 5a ). However, the distribution of other cells in the testis was similar in pre-and post-pubertal animals.
There was no evidence for a second population of Leydig cells and there appeared to be a continuous transition from immature to mature Leydig cells originating from within a single interstitial population.
Adult testis
In the adult testis (Fig.5b) , Leydig cells filled most of the interstitium with little intercellular space between the seminiferous tubules. The Leydig cells typically had rounded to oval nuclei and there was an extremely SER-rich cytoplasm. Leydig cells were distinguished from other interstitial and peritubular cells by their darker staining cytoplasm. They were frequently clustered tightly together in groups which had interdigitating membranes (Fig. 5b) . Lipid was rarely present in these cells.
Spermatogenesis was occurring within the functional seminiferous tubules.
Stereology and light microscopy
Testis volume increased exponentially between day 10 and day 100 and then the rate of exponential increase slowed (Fig. 6 ). There were no notable changes in percentage volume of Leydig, Sertoli and interstitial cells with age until after puberty (Fig. 7) .
The percentage germ cell content of the testis increased between day 10 and day 30
and then remained at this higher level at older ages. Post-puberty there was a marked increase in cells of germ cell origin, the spermatogonia, showing active spermatogenesis had been established. There was no marked change in Leydig cell content of the testes over this time which strongly suggests that there was a single population developed that continued to be present at all ages. The steady state in Leydig cell content of the testis from day 10 onwards also coincided with the maturation of the ultrastructure of the Leydig cell seen by day 10 of pouch life.
Sertoli cell tight junctions
Tight junctions first appeared on the cell membranes of adjacent Sertoli cells close to the basally-located nucleus at the periphery of the seminiferous tubule at day 31 of pouch life (Fig. 8) . Tight junctions occurred in all older stages examined.
Discussion
The Kretser, 1972 , Gondos et al., 1974 , Sinha et al., 1977 , Huhtaniemi and Pelliniemi, 1992 probably as a result of immature or inactive androgen synthetic pathways.
There is accumulation of lipid in the non-breeding season in the testes of species that have seasonally regressing testes (Sinha et al., 1977 , Tahka, 1988 ) and in developing fetal or neonatal Leydig cells (Van Vorstenbosch et al., 1984 , Nistal et al., 1986 , Codesal et al., 1990 , Prince, 1990 . In the tammar, lipid content of Leydig cells initially increases but drops away towards day 10 p.p. and reappears in older pouch young ( > day 60 p.p.), coinciding with the elevated testosterone between days 10 and 45 (Renfree et al., 1992b) . Testicular androgen then remains low until puberty, which occurs between 18 and 24 months of age in this species (Renfree et al., 1992b , Williamson et al., 1990 . Similarly, the lipid content of pre-pubertal Leydig cells is high. Lipid droplets are rare in the adult Leydig cell. The abundance of lipid in Leydig cells of the developing tammar testis is therefore inversely proportional to testosterone levels in the testis.
Leydig cells of the tammar testis have extensive dark-staining cytoplasm containing abundant mitochondria with the tubular cristae typical of steroid producing cells. The SER becomes well developed by day 10 and continues to develop to even greater prominence in Leydig cells of older testes. SER and testosterone production are strongly correlated (Zirkin et al., 1980) and in the adult tammar Leydig cell SER is the most highly developed. However, despite extensive SER development in Leydig cells of late pouch young testes (day 100 -309 p.p.), the presence of abundant lipid in these cells suggests that the steroidogenic enzyme pathway is not fully functional.
The function of the unusual RER/mitochondrial complexes in the early Leydig cell is not clear. Similar complexes have been noted in the peritubular Leydig cells of differentiating fetal pig testes (Van Vorstenbosch et al., 1984) and in the differentiating mesenchymal cells of the hamster testis (Gondos et al., 1974) .
Likewise in the tammar they occur at an early stage when the putative Leydig cells are beginning to enlarge and differentiate. The active cytoplasmic expansion of these cells suggests increased protein production requiring mitochondrial activity which may explain the close association between these organelles.
There was an increase in germ cell content of the testis between day 10 and day 30 unpublished observations). Post-puberty there is a large increase in germ cell content of the testis (spermatogonia and mature spermatids) that indicates spermatogenesis has been established.
In the rat, adult Leydig cells may be distinguished from fetal cells by low lipid content, larger size, a tendency to form aggregates and an irregular cell shape with filopodial extensions (Zirking and Ewing, 1987; Kerr and Knell, 1988) . In tammars distinct subpopulations of Leydig cells could not be distinguished by these criteria
Initially the interstitium of the developing tammar testis contained only scattered undifferentiated cells but as differentiation proceeded the interstitium became filled with cells. These were mostly maturing Leydig cells but with scattered fibroblastic and undifferentiated mesenchymal cells. This suggests that there is a gradual transition to adult (or mature) Leydig cells from earlier populations as has been described in Monodelphis domestica (Xie et al., 1996) . In the dasyurid Antechinus Readers may only download, print and save electronic copies of whole works for their own personal non-commercial use. Any use that exceeds these limits requires permission from the copyright owner. Attribution is essential when quoting or paraphrasing from these works.
